Abstract -This paper proposes a new finite control set-model predictive control (FCS-MPC) method for induction motors. In the method, the reference state that satisfies the given torque and rotor flux requirements is derived. Cost indices for the FCS-MPC are defined using the state tracking error, and a linear matrix inequality is formulated to obtain a proper weighting matrix for the state tracking error. The on-line procedure of the proposed FCS-MPC comprises of two steps: select the output voltage vector of the two level inverter minimizing the cost index and compute the optimal modulation factor of the minimizing output voltage vector in order to reduce the state tracking error and torque ripple. The steady state tracking error is removed by using an integrator to adjust the reference state. The simulation and experimental results demonstrated that the proposed FCS-MPC shows good torque, rotor flux control performances at different rotating speeds.
Introduction
The direct torque control (DTC) method [1] is a simple and effective torque control method for induction motors. However, it has some drawbacks. The resulting torque/ current ripple is large and the method requires a very high sampling rate to achieve good performances. The switching frequency varies according to motor speed and the hysteresis bands of torque and flux. Many studies have tried to avoid these drawbacks of DTC [2] - [8] . Most were based on adjusting the duration of applying the output voltage vector during a fixed sampling period. The key issue has been determining the duration of the output voltage vector. Kang and Sul [2] determined the duration of the output voltage vector by using the torque ripple minimum condition, where the output voltage vector at each time step is chosen according to the original DTC scheme. In [4] - [6] , the duration was computed based on the torque prediction to minimize the torque ripple. A rather different approach was adopted in [3] and [8] , where a continuous control value is derived first and then implemented with inverter switches using the space vector pulse width modulation (SVPWM). The continuous control value is determined so that the predicted torque reaches the target value [8] , or the H ∞ control method is applied to compute the continuous control [3] . In these approaches, however, the constraints on the control input, which come from the use of inverter switches for implementation, are not considered rigorously in the derivation of the continuous control value.
Recently, model predictive control (MPC) methods have been applied to the control of induction motors [10] - [13] . The strategy of MPC is to define a cost index over future finite time steps. At each time step, a sequence of control inputs minimizing the cost index is computed and the first control input is applied to the plant. At the next time step, the same procedure is repeated with the receded horizon cost index. In [10] , the cost index comprised the predicted torque errors and flux errors. At each time step, the cost index is evaluated for every possible combination of output voltage vectors and the one which yields minimal cost index is applied to the motor. This approach is called finite control set MPC (FCS-MPC) and is similar to the conventional DTC [1] in that an output voltage vector is applied to the motor during the whole sampling period. FCS-MPC also suffers from a large torque/current ripple like the conventional DTC. In order to avoid this drawback of FCS-MPC, [11] suggests adjusting the duration of the output voltage vector.
Fig. 1 Torque control system of Induction motor
In this paper, a new FCS-MPC method is proposed. A reference state that meets the given torque and flux requirement is derived and the predicted state tracking error is used in the cost index. The proposed FCS-MPC has two aspects that differ from the earlier FCS-MPC [11] . First, the weights on the state tracking error are obtained systematically from linear matrix inequality (LMI) formulations. These weights are used to regulate both the torque and flux satisfactorily. Second, the optimal output voltage vector that minimizes the cost index is chosen by first considering every possible combination of inverter switches. Then the duration of the output voltage vector is computed so that the cost index can be minimized further, while optimal durations are computed for every possible output voltage vector as in [11] .
2. System Description 2.1 Induction Motor Figure 1 shows an inverter system for the torque control of an induction motor. Its mathematical model in the stationary frame can be described the using stator voltage, rotor voltage, and stator flux. The stator voltage equation is given as follow:
where   ,   ,   and   represent the stator voltage, stator current, stator flux and stator resistance, respectively. The rotor voltage equation is given as follows:
Where   ,   ,   and   are the rotor current, rotor flux and rotor resistance, respectively. The stator and rotor flux equations of an induction motor are given as follows:
where   ,   and   represent the stator inductance, rotor induction and mutual induction, respectively. Equations (1)-(4), which are based on a stationary frame, can be rewritten for the rotating dq-frame as follows:
where 
where   represents the rotational angle of the stator current.
The dynamics of (5)- (8) can be transformed into the following state space model:
Following the Euler method, the state space model (11) is discretized with the sampling period h to yield
The output torque is given in terms of the stator current and rotor flux as follows:
where P represents the poles of an induction motor. The reference torque T e * and reference rotor flux λ * are
given for the torque control of an induction motor. Based on these two reference values, the state of (12) that satisfies these two requirements can be derived. The rotor flux rotates from the stator current at the synchronized speed ω e and the rotational angle θ e changes accordingly. The rotating dq-frame used in (5)- (8) is based on the rotor flux i.e. the position of the rotor flux serves as the d-axis. Thus, the reference rotor flux value can be rewritten as a dq-frame value as follows:
In steady state, the stator current is related to the rotor flux as follows:
From (15), the reference value for the d-axis stator current is determined as follows:
The reference value for the q-axis stator current can be obtained from (13) . If λ qr is set to be 0 following (14), (13) can be rewritten as follows:
Then, the reference value for the q-axis stator current can be determined as follows:
From (14)-(18), the reference state x * (T e * , λ * ) can be defined as follows:
Definition of Cost Function
Based on the reference state x * (T e * , λ * ) of (19), the cost index is defined as follows: 
Subtracting (22) 
Design of FCS-MPC
The control strategy of the proposed MPC comprises two steps: find the output voltage vector (v sel ) from Table 1 that yields the smallest cost index J [k] of (20) and compute how long that output voltage vector (v sel ) needs to be applied during the sampling period h to minimize the cost function. In order to determine the optimal output voltage vector v sel , the control input u[k] of (12) should be substituted with each active output voltage vector listed in Table 1 to produce the predicted value as follows: is not measurable. Thus, the rotor flux needs to be estimated using measurable signals to compute μ * of (35). As shown Figure 3 , the current model of an induction motor can be used to estimate the rotor flux as follows [14] :
(36) is based on the rotor speed about transformation of rotating dq-frame. The on-line procedure of the FCS-MPC at each time step can be summarized as follows:
Compensation for Time Delay
In real applications, there is a time delay due to the computation time and modulation mechanism i.e. the control input computed at time step k is actually applied to the inverter at time step (k+1). This time delay may degrade the performance, and we need to compensate for it. From (12), the prediction x[k+2|k] can be made as:
Based on (37), the cost function (20) is modified as follows:
Use of Integrator
The reference state derived in (19) may not be correct because of the parameter uncertainties and other uncertainties, which lead to a steady state tracking error. In order to prevent the steady state tracking error, the state reference (19) is compensated for by integrating the tracking error: 
The FCS-MPC procedure is now carried out with J[k] of (38) and the corresponding J sel [k] . Now, the modulation factor μ is also modified accordingly.
Simulation Result
This section provides the simulation results for the proposed FCS-MPC using the PSIM software. Table 2 lists the parameters of the induction motor used in the simulation studies. The proposed method was compared with an earlier method [11] that also adopted the modulation of output voltage vectors. Herein, we refer to the earlier method as MPC1 and ours as MPC2. The sampling rate was set to 10 kHz and the flux reference was fixed at 0.4Wb for both methods. Figure 4 and 5 show the control performances of MPC1 and MPC2 at 120 rpm, where the reference torque T e * was changed from 5Nm to 10Nm. MPC2 at 120rpm current and the flux was well-regulated at the desired value of 0.4Wb even when the torque reference was changed. Figure 5 plots the modulation factor and the output voltage vector chosen at each time step. The output voltage vector changed more frequently with MPC2 than MPC1; this seems to be the reason for the better current and flux responses of MPC2.
Experimental Result
The experimental results of the proposed algorithm are presented in this section. Fig. 6 shows experimental equipment which is used in this paper. The input voltage gets from the grid that is adjusted by slidacs and rectified to DC voltage by a 3-phase diode rectifier. Same parameters of left motor as in Table 2 were used. The right motor is coupled with the left motor and used as a load motor to maintain constant speed. The current was measured directly using a current prove, but waveforms of the others computed by the embedded controller were transferred to D/A converters and measured by an oscilloscope. The electromagnetic torque and flux were computed based on the measured currents. Figure 7 and 8 shows the experimental results at 120 rpm. The results in Fig. 7 are similar to the simulation results in Fig. 4 . Figure 8 plots the corresponding modulation factor and number of chosen output voltage vectors. Figure 9 contains the fast Fourier transform (FFT) analysis of the measured a-phase current, which showed almost no harmonics.
Conclusion
In this paper, a new FCS-MPC algorithm is proposed for the torque control of induction motors. In the algorithm, a reference state that satisfies the given torque and rotor flux requirements is derived. Cost indices for the FCS-MPC are defined by using the state tracking error. An LMI is formulated to obtain a proper weighting matrix for the state tracking error, which eliminates the need for a trial-anderror approach to selecting proper weights for the cost index. The on-line procedure of the proposed FCS-MPC comprises two steps: select the output voltage vector of the two level inverter to minimize the cost function and compute the optimal modulation factor to reduce the state tracking error and torque ripple. Through simulations and experiments, the proposed FCS-MPC shows that current and flux control performances are improved, while maintaining the torque ripple at the same level with earlier FCS-MPC method.
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